INTRODUCTION
============

Nanomaterials are emerging therapeutic approaches for effective treatment of various cancers ([@R1]), and their therapeutic mechanisms are multifarious, including photothermal agents ([@R2]--[@R4]), photodynamic agents ([@R5]), drug release platforms ([@R6]), and photoacoustic imaging (PAI) enhancers ([@R7], [@R8]). Two-dimensional (2D) nanomaterials have attracted great attention for medical applications owing to their beneficial potentials for disease diagnosis and therapy. They may also be used in combination with different therapeutic modalities such as photothermal therapy (PTT), drug delivery, and photodynamic therapy (PDT) ([@R9]). Light-sensitive nanomaterials such as black phosphorus (BP) exhibit a synergistic antitumor effect by releasing photothermal energy and chemotherapeutic agents ([@R10], [@R11]). Another example is Ti~3~C~2~ MXene serving as a theranostic agent by combining PTT and PAI ([@R6], [@R12]). Other 2D nanomaterials, such as reduced graphene oxide (rGO) ([@R13]) and transition metal dichalcogenides ([@R14]), have been applied in various therapeutic settings.

Emerging 2D nanomaterials that have improved biocompatibility, higher photothermal effects, and additional simultaneous functionalities depict a promising future for biomedical applications. However, several challenging issues in this field remain to be resolved before clinical use in human patients ([@R15]). First, biosafety is the absolute prerequisite for clinical development ([@R16]), including short-term and long-term safety concerns ([@R17], [@R18]). Short-term toxicity is often caused by directly inducing cellular dysfunction and manifests acute clinical symptoms. The long-term toxicity may experience a latent symptom-free period but manifests symptoms over a long period of time by accumulating nanomaterials in the affected tissues and organs ([@R19], [@R20]). In most cases, these adverse effects can be alleviated by lowering dosages, albeit compromising therapeutic efficacy. Second, high therapeutic efficacy over the existing modalities or synergistic efficacy in combination with conventional therapy should be achieved. As for light-sensitive nanomaterials, in addition to light intensity, therapeutic efficacy can be controlled by the nanomaterial performance, i.e., light absorbance, light-to-heat conversion efficiency, and the targeting efficiency to specific pathological tissues such as tumors ([@R21]). Third, nanomaterials for clinical use should be homogeneous and ideally exert identical or at least similar functions in all patients with cancer ([@R22]). For 2D nanomaterials to meet these prerequisites, shape uniformity is crucial to ensure consistent nanomaterial properties from each fabricated batch. Last, stability and biodegradability are additional important factors to meet pharmacokinetics within the therapeutic window ([@R23], [@R24]). A high degree of stability ensures long-lasting beneficial effects, whereas continuous biodegradability ensures biocompatibility and biosafety. An ideal therapeutic nanomaterial should have a pharmacokinetic balance between stability and degradation, maximizing therapeutic efficacy and minimizing adverse effects.

Although many existing 2D nanomaterials are multifunctional, they exhibit various degrees of inadequacies for cancer therapy in human patients. One of the common defective properties is the lack of shape uniformity of most liquid phase--exfoliated 2D nanomaterials ([@R25], [@R26]). For the carbon-based graphene and rGO, low efficiency of light-to-heat conversion leads to poor therapeutic potentials and compensatory high dosage that may result in overt adverse effects ([@R27]). BP instability has both advantages and disadvantages for therapeutic development, i.e., advantageous nontoxicity and difficulties of fabrication and storage ([@R28]). While for another 2D nanomaterial, antimonene, although stable in air ([@R29]), its instability in water can cause toxicity. On the basis of urgent medical needs for clinical development, we have developed an upgraded PTT-based anticancer therapy using tellurium-selenium (TeSe)--made nanomaterial.

Tellurium, a member of the chalcogen family, is an important element in manufacturing industrial instruments. Over past decades, various Te nanostructures have been fabricated, including hydrothermal and solvothermal methods, liquid-phase exfoliation, reflux processes, template-based strategies, and vacuum vapor deposition ([@R30]). By using rationally designed strategies, Te nanomaterials with different morphologies were fabricated. Among all these structures, only a few were successfully deployed in the biomedical field. Te nanorods and nanodots were reported to achieve simultaneous chemo-photothermal combination cancer therapy, demanding tight capping by polysaccharide proteins, human serum albumin, and an extremely high power density ([@R28], [@R31]). Recently, Lin *et al.* ([@R32]) reported that 2D tellurium nanosheets could be developed for PAI-guided PDTs after the capping of glutathione to prevent tellurium oxidation. Although stable in air, tellurium nanomaterials are often unstable in water and other solvents ([@R33]). Furthermore, the degradation-associated products are often toxic by forming stress granules in cells ([@R34]).

In the present study, we fabricated a novel 2D lateral heterojunction, i.e., selenium-coated tellurium nanoheterojunctions. The newly synthesized TeSe was stable, biocompatible, and uniform in shape with marked tumor-targeting and antitumor effects. We show anticancer efficacy of TeSe nanomaterials, beneficial mechanisms, and their impact on alteration of the tumor microenvironment (TME).

RESULTS
=======

Morphological characterization
------------------------------

The TeSe nanomaterials were synthesized via a hydrothermal reaction route. In a typical synthetic process, the Na~2~SeO~3~ and Na~2~TeO~3~ precursors were reduced to TeSe-based nanomaterials in the presence of the N~2~H~4~•H~2~O reductant. Polyvinylpyrrolidone (PVP) was used as a crystal face--blocking ligand during the redox reaction. The impact of the initial molar ratio of Te (Na~2~TeO~3~) to Se (Na~2~SeO~3~) precursors (hereafter denoted as TeSe) on nanomaterial morphology was studied ([Fig. 1](#F1){ref-type="fig"}). Notably, TeSe(1:0.25), TeSe(1:0.5), TeSe(1:0.75), and TeSe(1:1) produced oval-shaped 2D structures, as detected by transmission electron microscopy (TEM) images ([Fig. 1, A to D](#F1){ref-type="fig"}). Higher-magnification TEM images of these samples showed that the TeSe nanostructures progressively decreased in size by increasing the Se ratio ([Fig. 1, E to H](#F1){ref-type="fig"}, and fig. S1). A similar trend was observed at other PVP concentrations (fig. S2). In addition, altering the Te:Se ratio also influenced the morphology of the TeSe nanomaterials (fig. S2). The TeSe(1:0.25), TeSe(1:0.5), TeSe(1:0.75), and TeSe(1:1) samples were also characterized by atomic force microscopy (AFM) imaging ([Fig. 1, I to L](#F1){ref-type="fig"}). All TeSe samples exhibited small 2D geometries, reconciling with their TEM micrographs. Clear stacking at the particle edges was observed (fig. S2). Therefore, the TeSe nanomaterials were considered as 2D materials. Furthermore, the thickness of TeSe samples progressively decreased by increasing the Se ratio. For example, a thickness of \~33 nm was observed for TeSe(1:0.25), which was decreased to 23 to 27 nm at the ratios of 1:0.5 and 1:0.75, while at the TeSe ratio of 1:1, 19- to 24-nm particles were detected ([Fig. 1M](#F1){ref-type="fig"}). Using Te:Se ratio of 1:1 as a standard, statistical analyses showed that change of Te:Se ratios significantly altered the thickness of nanoparticles ([Fig. 1N](#F1){ref-type="fig"} and fig. S1C). Together, these results demonstrated that both lateral and vertical dimensions decreased with the increase of Te:Se ratio.

![Morphology of TeSe nanomaterials.\
TEM images (**A** to **H**), AFM images, and corresponding height line profiles (**I** to **L**) for TeSe-based nanostructures. TEM images: Low magnification of samples synthesized with a PVP concentration of 2 mg/ml and fixed initial Te contents \[(A) TeSe(1:0.25), (B) TeSe(1:0.5), (C) TeSe(1:0.75), and (D) TeSe(1:1)\] and their corresponding high-magnification images \[(E) TeSe(1:0.25), (F) TeSe(1:0.5), (G) TeSe(1:0.75), and (H) TeSe(1:1)\]. AFM images obtained from (E) to (H): (I) TeSe(1:0.25), (J) TeSe(1:0.5), (K) TeSe(1:0.75), and (L) TeSe(1:1). Height profiles were obtained from (I) to (L). (**M**) Thickness of three typical nanoparticles of TeSe(1:0.25), TeSe(1:0.5), TeSe(1:0.75), and TeSe(1:1). (**N**) Statistical analysis of the thickness between TeSe(1:0.25), TeSe(1:0.5), TeSe(1:0.75), and TeSe (1:1). *n* = 10 nanoparticles for each group, Student's *t* test. \*\**P* \< 0.01, and \*\*\**P* \< 0.001; mean ± SD.](aay6825-F1){#F1}

Physical property characterization
----------------------------------

To better understand the morphology of the TeSe nanomaterials, we subjected double spherical aberration--corrected TEM for further analysis ([Fig. 2](#F2){ref-type="fig"}). The elemental distribution (Te, Se, O, and C), averaged over partial sections of three nanoparticles, and the interstices between particles were analyzed for the TeSe(1:0.25) sample ([Fig. 2A](#F2){ref-type="fig"}). Both Te and Se were detected ([Fig. 2, B and C](#F2){ref-type="fig"}). The intensity of Te at the surface was stronger than that at the edge, and Se exhibited a stronger signal at the particle edge than surface ([Fig. 2D](#F2){ref-type="fig"}). The Te-rich center was encircled by a Se ring, and O- and C-rich signals were observed ([Fig. 2, E to G](#F2){ref-type="fig"}). High-resolution TEM (HRTEM) images revealed the atomic arrangements at the particle surfaces and amorphous regions at edge regions of particles ([Fig. 2H](#F2){ref-type="fig"}). The HRTEM micrograph also showed clear interplanar spacing distances of 0.19 and 0.23 nm ([Fig. 2I](#F2){ref-type="fig"}). Inductively coupled plasma atomic emission spectroscopy validated the TeSe weight percent values and PVP in the TeSe-based nanomaterials (table S1).

![Physical properties of TeSe nanomaterials.\
(**A**) TEM image showing three nanoparticles and space in between. (**B**) Corresponding Te-rich element image. (**C**) Se-rich element image. (**D**) Integrated Te and Se element image. (**E**) O-rich element image. (**F**) Integrated Te, Se, and O element image. (**G**) C-rich element image. HRTEM image showing (**H**) crystals with atomic arrangement on surfaces and amorphous regions at edges and (**I**) atomic arrangement on its surface. (**J**) Proposed schematic illustrating the arrangements of Te and Se atoms in the presence of PVP chains and a nanowire and an oval shape to explain the relationship of Te and Se in the 1D and 2D geometry, respectively. (**K** and **L**) The simulated oxidized atomic structures for (K) Te~111~O~3~ and (L) Se~54~Te~57~O~3~. The red, pink, and orange color represents the oxygen (O), selenium (Se), and tellurium (Te), respectively. (**M** and **N**) X-ray photoelectron spectra: Te 3d and Se 3d. a.u., arbitrary units. (**O**) Ultraviolet-visible (UV-vis) absorption spectra in the range of 200 to 1200 nm; solvent: deionized water. (**P**) Photothermal properties \[200 parts per million (ppm), 808 nm, 1.0 W/cm^2^\]. (**Q**) Photothermal conversion efficiency (η) of TeSe(1:1) sample. (**R**) Photothermal stability (808 nm, 1.0 W/cm^2^).](aay6825-F2){#F2}

In the absence of Se, Te formed as nanowires ([Fig. 2J](#F2){ref-type="fig"}), which were unstable in water and became degraded over a 2-day period (fig. S3). However, in the presence of Se, Te crystallized into particles with 2D geometry and highly chemical stability (fig. S3). Together with the PVP-tailed structures, the 2D oval-like TeSe morphology indicated that Se atoms shifted from Te 1D growth to 2D growth, generating 2D PVP-tailed TeSe nanostructures ([Fig. 2J](#F2){ref-type="fig"}). Theoretical calculations supported the Te core--Se shell nanostructures (fig. S4). The oxidized atomic structures further conformed the Te core--Se shell configuration by 0.04 eV per Se atom during the oxidization process ([Fig. 2, K and L](#F2){ref-type="fig"}, and fig. S4). Thus, the TeSe lateral heterojunction structures stabilized the pure Te nanomaterials and affected the light absorption.

The x-ray diffraction (XRD) patterns of bulk Te, bulk Se, and the TeSe samples were exhibited in fig. S5A. The x-ray photoelectron spectroscopy (XPS) measurements confirmed the removal of low--molecular weight species (fig. S5B) and enabled the valence states of Te and Se to be assigned ([Fig. 2, M and N](#F2){ref-type="fig"}). No signals from Na 1s were detected in any of the analyzed samples (fig. S5B), indicating that dialysis effectively removed all low--molecular weight water-soluble impurities from the TeSe nanomaterials. The binding energies at \~573 and \~583 eV showed the typical peaks assigned to the Te 3d~5/2~ and 3d~3/2~ regions, respectively ([Fig. 2M](#F2){ref-type="fig"}). Additional peaks were slightly shifted from the two Te 3d~5/2~ and 3d~3/2~ peaks ([Fig. 2M](#F2){ref-type="fig"}), which exhibited relatively low amplitude intensities and decrease in strength by increasing the Se ratio. For the Se XPS spectra, the intensities of the typical Se 3d~5/2~ and 3d~3/2~ regions increased when the Te:Se ratio was decreased from TeSe(1:0.25) to TeSe(1:1) ([Fig. 2N](#F2){ref-type="fig"}). In addition to principal peaks, peak intensity with chemical shifts in the various TeSe samples also increased along increasing the Se ratio.

Neat Te nanowires exhibited a broadband absorption at 200 to 1200 nm ([Fig. 2O](#F2){ref-type="fig"}). Peaks at 282 and 560 nm attributed to a direct transition from a valence band to a conduction band, accompanied with a forbidden direction transition of Te. The TeSe samples showed enhanced absorption in the ultraviolet (UV) region. Along increasing the Se content, the absorption peak in the UV region progressively blue-shifted, leading to a gradual decrease of the Te direct bandgap (*E*~g~). In addition, the TeSe samples exhibited moderate absorptions in both the visible and near-infrared regions. At a power density of 1.0 W/cm^2^, all the TeSe nanomaterials exhibited excellent photothermal properties under illumination with 808-nm light in comparison to water ([Fig. 2P](#F2){ref-type="fig"}). TeSe(1:1) had a photothermal conversion efficiency (η) of up to 99.1% ([Fig. 2Q](#F2){ref-type="fig"}). In addition, good photothermal stability was also observed for TeSe(1:0.25) and TeSe(1:1) ([Fig. 2R](#F2){ref-type="fig"}). High η values, a favorable photothermal stability, and polymer-tailed nanostructures pose TeSe nanomaterials a promising photothermal agent and a drug carrier platform for cancer therapy. Together, these results demonstrated the 2D Te core--Se shell structure, the physical characteristics, the light absorbance properties, and the light-to-heat conversion effectiveness of TeSe nanomaterials.

In vitro and in vivo biosafety
------------------------------

After Se doping, the toxicity of the TeSe nanomaterials both in vitro and in vivo was assessed. The Te nanomaterials exhibited obvious toxicity at a concentration of 100 parts per million (ppm), whereas the TeSe nanomaterials were completely nontoxic even at a high concentration of 400 ppm ([Fig. 3A](#F3){ref-type="fig"} and fig. S6, A and B). Te nanoparticles typically degraded in water within 6 days ([Fig. 3, B and C](#F3){ref-type="fig"}), and TeO~3~^2−^ was determined to be the degradation product (fig. S6C). In contrast, the TeSe nanomaterials were very stable ([Fig. 3D](#F3){ref-type="fig"}). At the 1:1 ratio of TeSe, nanomaterials were stable for a month without a sign for degradation ([Fig. 3, E and F](#F3){ref-type="fig"}). Injection (1.5 mg/kg) of Te nanoparticles into mice resulted in low survival rates ([Fig. 3A](#F3){ref-type="fig"}). By contrast, TeSe(1:1) at the dose of 6.0 mg/kg did not induce any lethality and other adverse effects including body weight ([Fig. 3, H and I](#F3){ref-type="fig"}). The in vitro and in vivo biocompatibilities of TeSe nanomaterials are comparable to that of well-established 2D nanomaterials such as BP and titanium nanosheets ([@R35], [@R36]). Together, these data demonstrated that all the TeSe nanomaterials were biocompatible, stable, and nontoxic. Other parameters including hematological and organ toxicity analyses further supported this conclusion (fig. S6, D to F).

![Biosafety assessment of TeSe nanomaterials.\
(**A**) Assessment of cell viabilities of SMMC-7721 cells. *n* = 3 biological samples, Student's *t* tests. \*\*\**P* \< 0.001, mean ± SD. (**B**) Photographs of neat Te nanomaterials in saline (1000 ppm) at various storage times (0, 3, and 6 days). (**C**) Absorbance curve of Te dispersions after indicated days. (**D**) Photographs of TeSe-based samples (1000 ppm) \[TeSe(1:1), (1:0.75), (1:0.5), and (1:0.25)\] in saline after 6-day storage. (**E**) Photographs of TeSe(1:1) (250 ppm) in saline with various storage times (1, 7, 15, and 30 days). (**F**) Absorbance curve of TeSe(1:1) dispersions after indicated days. (**G**) Survival rate of mice after injection of neat Te nanomaterials dispersed for various durations (0, 3, and 6 days) at different injection dosages (1.0, 1.5, and 3.0 mg/kg). (**H**) Survival rates of mice after injection of TeSe(1:1) stored for various durations (0, 3, and 6 days) and at different injection dosages (1.0, 1.5, 3.0, and 6.0 mg/kg). (**I**) Body weight of mice after injection of saline, vehicle (PVP solution), and TeSe(1:1).](aay6825-F3){#F3}

In vivo tumor-targeting efficiency of the 2D TeSe nanomaterials
---------------------------------------------------------------

Altering the Te:Se ratio during the synthetic process was demonstrated to result in TeSe nanoheterojunctions of different sizes. The Te:Se ratio also affected the photothermal conversion efficiency (η). Investigation of the accumulative efficiency and in vivo distribution of different TeSe nanomaterials was an important aspect for improving therapeutic efficacy and minimizing adverse effects. Using a hepatocellular carcinoma (HCC) mouse model, we observed that the TeSe(1:1) nanomaterials exhibit the highest accumulating efficiency in the tumor compared with TeSe(1:0.75), TeSe(1:0.5), TeSe(1:0.25), and the cy7 solution ([Fig. 4A](#F4){ref-type="fig"}). In addition, the peak accumulation time was 4 hours after injection ([Fig. 4B](#F4){ref-type="fig"}), and the fluorescence intensity of each organ was imaged 24 hours after injection. Among the TeSe nanomaterials, TeSe(1:1) was observed to accumulate most efficiently in the tumors with an efficiency of about 33%, which exceeded most previously reported nanomaterials ([Fig. 4, C and D](#F4){ref-type="fig"}). Another important aspect was that the TeSe(1:1) nanomaterial was specifically accumulated in tumor tissues relative to other tissues and organs ([Fig. 4, E and F](#F4){ref-type="fig"}). Among all tested ratios, TeSe at the ratio of 1:1 gave the uniform size of nanoparticles, high efficiency of PTT conversion, and high tumor accumulation. On the basis of these properties, we chose TeSe(1:1) nanoparticles as the best candidate for cancer therapy. Although the mechanism underlying tumor-specific targeting warrants further investigation, this property would potentially maximize therapeutic outcome without causing overt adverse effects.

![Tumor-targeting efficiency exploration.\
A549 tumor-bearing mice were intravenously injected with the TeSe nanomaterials (2 mg/kg), loaded with the same amount of dye cy7. (**A**) At the indicated time points, the fluorescence intensities of the tumor sites were measured and (**B**) the time-dependent intensity was calculated. (**C** to **F**) At 24 hours after injection, tumors and major organs were isolated. (C) The graphic shows the fluorescence intensities of the heart, lung, kidney, spleen, tumor, and liver. (D) Illustration of the relative positions of the organs and tumors in (C). (E) Relative biodistribution in different tissues of each nanomaterial type and (F) vice versa. *n* = 3 mice, Student's *t* tests. \*\*\**P* \< 0.001; mean ± SD.](aay6825-F4){#F4}

In vitro and in vivo PTT efficiency
-----------------------------------

The light-to-heat conversion efficiency was determined from the aforementioned results. Tumor cell death was evaluated in concentration-, irradiation time--, and power density--dependent ways. At 100 ppm, all ratios of TeSe including TeSe(1:0.25), TeSe(1:0.5), TeSe(1:0.75), and TeSe(1:1) induced nearly 100% tumor cell death, which was far more potent than Te nanomaterials ([Fig. 5A](#F5){ref-type="fig"} and fig. S7, A and B). These results suggest that Se doping resulted in significantly augmented photothermal efficiency, and in the range from 1:0.25 to 1:1, the photothermal effect of TeSe nanomaterials was well maintained. As a representative, TeSe(1:1) at a concentration of 100 ppm for 2-min irradiation resulted in significantly reduced cell viability ([Fig. 5B](#F5){ref-type="fig"}). In addition, tumor cell death was observed at a power density of 0.5 W/cm^2^ ([Fig. 5C](#F5){ref-type="fig"}). Fluorescence assays further supported these results (fig. S7C). In conclusion, these data indicate that the 2D TeSe nanomaterials exhibit effective antitumor effects at very low dosage levels without causing any adverse effects.

![In vitro and in vivo PTT.\
(**A**) Concentration-dependent PTT assays with SMMC-7721 cells at the indicated concentrations (808 nm, 1.0 W/cm^2^, 10 min). Statistical analysis was performed between TeSe(1:0) and TeSe(1:0.25), TeSe(1:0.5), TeSe(1:0.75), or TeSe(1:1). *n* = 3, Student's *t* tests. \*\*\**P* \< 0.001. (**B**) Time-dependent PTT assays. SMMC-7721 cells were treated for the indicated time (100 ppm, 808 nm, 1.0 W/cm^2^). *n* = 3, Student's *t* tests. \*\*\**P* \< 0.001. (**C**) Power density--dependent PTT assay. SMMC-7721 cells were treated at the indicated power densities (100 ppm, 808 nm, 10 min). "Mock" refers to experiments without any treatment. Cell viabilities were determined by cholecystokinin 8 (CCK8) assays. In vivo anticancer efficacy of TeSe-based PTT is shown. *n* = 3, Student's *t* tests. \*\*\**P* \< 0.001. (**D**) Temperatures at the tumor sites during the laser irradiation as a function of treatment type. (**E**) Real-time monitoring of the temperature changes of (D). (**F** to **I**) After treatment, the (F) body weight and (G) tumor volume were monitored every second day. At day 17, the mice were euthanized and (H) the tumors were isolated and (I) weighed. *n* = 5 mice, Student's *t* tests. \*\*\**P* \< 0.001. Data were shown as means ± SD. ns, nonsignificant.](aay6825-F5){#F5}

To further evaluate the anticancer efficacy in vivo, we studied therapeutic efficacy in preclinical models with human HCC and mouse lung cancer. Because TeSe(1:1) and TeSe(1:0.5) nanomaterials had a similar in vitro photothermal effect, but with a polarized tumor-targeting efficiency, we chose these two ratios as a pair for further anticancer studies. Temperature changes during PTT were measured. Results showed that TeSe(1:1) generated PTT of 60°C and TeSe(1:0.5) of \~50°C ([Fig. 5, A and B](#F5){ref-type="fig"}, and fig. S8A). After laser treatment, mouse tumor volume and body weight were measured every second day. At day 17, tumor-bearing mice were anesthetized and euthanized. Mouse body weight of four groups was indistinguishable ([Fig. 5C](#F5){ref-type="fig"} and fig. S8B). In contrast, the vehicle-treated control tumors grew rapidly ([Fig. 5D](#F5){ref-type="fig"} and fig. S8C). Unexpectedly, tumors in the TeSe(1:0.5) group regressed sharply but rebounded rapidly, and tumors in the TeSe(1:1) group were ablated. Most tumors in the TeSe(1:1) group were cured without further progression after long-term observation ([Fig. 5, E and F](#F5){ref-type="fig"}). These data demonstrated that TeSe(1:1) was the most suitable TeSe nanomaterial for tumor therapy. Together, our results demonstrate that the PTT-generated high temperature is the primary driving factor for the potent antitumor effects, which are determined by both the photothermal effect and tumor-targeting efficiency of the nanomaterial.

TME changes after PTT
---------------------

After PTT, we investigated the TME changes by analyzing the cellular components in response to treatment. Because TeSe(1:1)-based PTT was highly efficient, we barely observed the remaining tumors. To investigate the TME changes that could be helpful for developing combinational therapy in the future, we treated the tumors with TeSe(1:0.5)-based PTT, in which condition a small part of the tumor cells could survive. As shown, we found significant reduction of Ki67^+^ tumor cell proliferation, increase of terminal deoxynucleotidyl transferase--mediated deoxyuridine triphosphate nick end labeling--positive (TUNEL^+^) cellular apoptosis, regression of CD31^+^ vasculatures, and increase of CA9^+^ hypoxia signals in TeSe(1:0.5)-PTT--treated tumors ([Fig. 6, A to F](#F6){ref-type="fig"}). Furthermore, tumor-associated macrophages (Iba1^+^) were decreased, implying that the antitumor immune response was also altered. The data indicate that hyperthermia effectively induces tumor cell death and substantially alters TME. The impact of TeSe(1:0.5)-PTT on TME alteration may also imply potential functional consequences of cancer metastasis and therapeutic responses of existing anticancer drugs. These interesting aspects warrant further investigation.

![Changes of TME after PTT.\
Tumors were isolated 3 days after PTT and subjected to paraffin section for immunofluorescence staining of DNA breaks (TUNEL), Ki67, CA9, Iba1, and CD31. (**A**) Representative imaging of the changes in the tumor environment. DAPI, 4′,6-diamidino-2-phenylindole. (**B** to **F**) Statistical analyses as a function of parameter type, such as (B) DNA breaks by TUNEL, (C) Ki67, (D) CA9, (E) Iba1, and (F) CD31. *n* \> 8 fields from five tumors, Student's *t* tests. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001. Data were shown as means ± SD. Scale bar, 25 μm.](aay6825-F6){#F6}

DISCUSSION
==========

In this study, we are aiming to resolve critical issues that hamper clinical implications of 2D nanomaterials. Development of 2D nanomaterials for cancer therapy has to fulfill several criteria, including no or minimal adverse effects, high anticancer efficacy, biocompatibility, superlative pharmacokinetics, and tumor targeting. At this time of writing, these major obstacles for developing 2D nanomaterials toward clinical use have not been resolved. We have fabricated a novel nanomaterial of 2D TeSe lateral heterojunction that have several unique features: (i) nontoxic nanomaterials, (ii) uniformity in morphology, (iii) relative high accumulation in tumors, (iv) highly stable, and (v) efficient light-to-heat conversion. Systemic delivery of this nontoxic TeSe nanomaterial in tumor-bearing mice produced an astounding antitumor effect, leading to a curative approach. Furthermore, delivery of the anticancer TeSe nanomaterial at an optimal ratio to animals did not result in any notable adverse effects.

We provide compelling evidence to demonstrate the uniform, stable, and nontoxic features of the TeSe nanomaterials. Although the neat nanomaterial made of Te alone is toxic, coating with Se completely ablates the toxic profile of Te. Moreover, the size of nanoparticles of TeSe lateral heterojunction can be justified by altering the ratio between Te and Se. Among all the investigated ratios, Te:Se at 1:1 produces uniform and oval-shaped nanoparticles that give rise to high light-to-heat conversion. At this optimal ratio for maximal production of thermal energy, the Te:Se heterojunctions are completely nontoxic. Another interesting finding is that systemic delivery of Te:Se nanomaterials in tumor-bearing mice results in high accumulation in tumor tissues relative to other healthy tissues and organs. Although the mechanism underlying tumor targeting is not understood, it at least not simply reflects the high blood perfusion in tumors. According to our experiences and other published literatures, other 2D nanomaterials do not seem to have tumor-specific accumulation of nanomaterials. We would carefully speculate several possibilities for specific tumor accumulation, including (i) tumor cells (malignant cells are the highly proliferative cell population, and their gene expression profiling is highly altered relative to their adjacent healthy stromal cells or healthy cell from which they originated; probably, some of these proteins bind to TeSe nanomaterials, leading to retention of nanoparticles), (ii) stromal cells (tumor stromal cells including inflammatory cells, vascular cells, and fibroblasts are abundant cellular components in tumors, and they may retain TeSe nanomaterials by endocytosis or other mechanisms such as specific receptor-mediated uptakes), and (iii) hypoxia (tumors often experience hypoxia, and accumulation of TeSe nanomaterials in tumors could be partially mediated by a hypoxia-regulated mechanism; hypoxia is a consequence of rapid growth tumors, which is accompanied by altered cancer cell metabolism and behaviors such as metastasis and extracellular matrix remodeling). However, in this study, hyperthermia indiscriminately destructs cancer cells and stromal cellular components, including tumor vasculature, inflammatory cells, stromal fibroblasts, and lymphocytes. In this condition, the residual cancer cells may not readily adapt to the new microenvironment and there is a window for the combinational therapy with pH- or hypoxia-responsive drugs ([@R37]). It has been suggested that tumors became more susceptible and vulnerable to chemotherapy and radiation therapy after PTT, obtaining synergistic effect when used in combination. These interesting possibilities warrant future investigation.

PTT uses the energy from the light that can be absorbed by the tissue, and the absorbance is greatly influenced by its wavelength. In this study, we use the 808-nm light of the near-infrared region. As previously reported, the penetration depth of 808-nm light in the tissue is 3.4 cm. The power density decreased sharply in the tissue; at the depth of 0.6 cm, the power density became 60% of the emission light. However, the power density was reported to be focused in the center of the light beam, avoiding off-targeting adverse effect on the surrounding tissue, which is important for its clinical translation ([@R38]). These properties make PTT favors superficial tumors and small tumors. For the superficial tumors, the PTT is readily accessible and can be used in a combinational way. For small tumors, both primary lesions and metastatic tumors, several kinds of nanoparticles have been translated into clinical trials, treating prostate cancer and other cancers ([@R4]).

Safety is another concern for PTT against cancer. For a local tissue, long-time exposure at above 43°C is considered dangerous and would cause irreversible severe damage to the cells ([@R3]). There are regulations about laser safety, i.e., 21 CFR 1040 in the United States and IEC 60825 internationally. As to the power density, the safe acceptable limit is called maximum permissible exposure; it is usually about 10% of the dose that has a 50% chance of creating damage. For continuous exposure, laser with power above 500 mW belongs to class 4 laser, which is the highest class of laser. Class 4 lasers are allowed to be used for industry, research, eye surgery, and skin treatments. In the present study, during the irradiation course of in vivo treatment, the temperature was above 50°C and we observed skin tissue damage. Fortunately, this kind of damage was transient and was repaired within 5 days, demonstrating that the TeSe-based PTT is safe.

Although in this study we took an approach of TeSe(1:1)-PTT monotherapy for treating experimental cancers, it is highly plausible that combination therapy consisting of TeSe(1:1)-PTT monotherapy and other conventional or targeted therapeutics would produce even greater anticancer effects. For example, combination of TeSe(1:1)-PTT with chemotherapy and radiation therapy would likely produce synergistic or additive effects owing to the multifarious anticancer mechanisms. Because our TeSe(1:1)-PTT monotherapy has already produced a curative effect in our experimental model, it would be difficult to see additional anticancer effects in a combination setting. Together, our findings have provided an exciting possibility for approaching clinical practice with anticancer nanomaterials. We expect that either alone or in combination with other therapeutics, TeSe(1:1)-PTT would certainly shed a new light toward a curative approach for treating various cancers.

MATERIALS AND METHODS
=====================

Synthesis of TeSe nanomaterials
-------------------------------

The TeSe-based nanomaterials were synthesized by a typical hydrothermal reaction route. Briefly, a mixture of Na~2~TeO~3~, Na~2~SeO~3~, water, and PVP with a molecular weight of 360,000 was added to a Teflon-lined stainless steel autoclave and completely dissolved. Next, hydrazine monohydrate (N~2~H~4~ · H~2~O) and ammonium hydroxide (NH~3~ · H~2~O) were added into the above mixture as a reducing agent and base, respectively. The hydrothermal reaction proceeded for 3 hours at 100°C (note that the time was counted from when the reaction temperature reached 100°C). After cooling to room temperature by quenching in running water, the above mixture was dialyzed with deionized water for at least 3 days until the solution reached pH 7. The dialysis process removed the residual precursors Na~2~TeO~3~ and Na~2~SeO~3~ and excess reactants N~2~H~4~ · H~2~O and NH~3~ · H~2~O, which are all toxic compounds that might affect biocompatibility. The solid TeSe-based nanomaterials were obtained by a freeze-drying procedure for 48 hours. The effects of the starting molar ratios of Na~2~TeO~3~ (Te) to Na~2~SeO~3~ (Se) and the concentrations of PVP on the natures of TeSe-based nanomaterials were systematically investigated at fixed volumes of N~2~H~4~ · H~2~O and NH~3~ · H~2~O. Detailed synthesis information of all samples is shown in table S2.

Characterization
----------------

We examined the morphology of the as-prepared TeSe nanomaterials using a TEM (Tecnai G2 Spirit). To prepare TEM specimens, the TeSe aqueous solution was directly dropped onto carbon-supported copper wire mesh and allowed to dry for at least 3 min. The thickness of the TeSe particles was determined with an AFM (Bruker). The clear atom arrangement and elemental mapping (Te, Se, O, and C) of the TeSe samples were determined on a double spherical aberration--corrected TEM. To detect the effects of dialysis and the valence states of the TeSe samples, XPS \[a PHI 5000 VersaProbe II (ULVAC-PHI) instrument\] was conducted with monochromatic Al Kα radiation. Wide scans of the TeSe samples were performed in the range of 0 to 1200 eV, and high-resolutions scans were performed for the C 1s, Na 1s, O 1s, N 1s, Te 3d, and Se 3d regions. For the TeSe-based nanomaterials, the contents of Te and Se were determined by inductively coupled plasma atomic emission spectroscopy (Optima 2100 DV, PerkinElmer). These measurements also enabled the content of the polymer PVP to be determined. The crystalline characteristics of the TeSe samples were tested by XRD and Raman measurements (Horiba LabRAM HR800). The XRD data were collected from 10° to 80° at a scanning speed of 2° min^−1^. The Raman measurements were conducted at room temperature with an excitation wavelength of 633 nm.

Cells and reagents
------------------

SMMC-7721, A549, and HCT116 cells were obtained and cultured as previously reported ([@R39]). RPMI 1640 (HyClone), high-glucose Dulbecco's modified Eagle's medium (HyClone), fetal bovine serum (Gibco), 0.25% trypsin (HyClone), and penicillin-streptomycin (Thermo Fisher Scientific) were used for cell cultures and passages. Goat monoclonal anti-CD31 (R&D Systems, catalog no. AF3628), rabbit monoclonal anti-Iba1 (Wako, catalog no. 019-19741), rabbit polyclonal anti-CA9 (Novus Biologicals, catalog no. NB100-417), and rat monoclonal anti-Ki67 (eBioscience, catalog no. 14-5698) were used as primary antibodies. Secondary antibodies used for paraffin section immunofluorescence were purchased from Invitrogen, including donkey anti-goat immunoglobulin G (IgG) (H + L) cross-adsorbed secondary antibody, Alexa Fluor 555; donkey anti-rabbit IgG (H + L) highly cross-adsorbed secondary antibody, Alexa Fluor 488; and goat anti-rat IgG (H + L) cross-adsorbed secondary antibody, Alexa Fluor 555. In situ cell death detection kits for TUNEL assays were purchased from Roche (catalog no. 11684795910). Cholecystokinin 8 (CCK8) assay kits were from Biotime Biotechnology. Calcein AM/PI (propidium iodide) were obtained from Sigma-Aldrich.

In vitro toxicity assays
------------------------

For each cell line, cells were seeded in 96-well plates at a concentration of 6000 per well, and after adherence, the culture medium was replaced by the nanomaterial-containing media of different dispersion concentrations. At 36 hours after replacement, the cells were subjected to CCK8 assays according to the manufacturer's instructions.

In vitro PTT assays
-------------------

For each cell line, cells were seeded at a concentration of 8000 cells per well in the 96-well plates, and after adherence, the culture medium was replaced by the nanomaterial-containing medium. Four hours after replacement, cells were subjected to PTT under the indicated conditions. After PTT, the culture medium was replaced with fresh medium. Cells were subjected to CCK8 and calcein AM/PI staining assays to detect the cell viability after treatment. CCK8 assays were conducted 24 hours after PTT, and calcein AM/PI assays were performed 6 hours after PTT. For concentration-dependent PTT assays, the laser power density (1.0 W/cm^2^) and irradiation time (10 min) were fixed; for irradiation time-dependent assays, the concentration (100 ppm) and power density (1.0 W/cm^2^) were fixed; and for power density-dependent assays, the concentration (100 ppm) and irradiation time (10 min) were fixed. All assays were performed according to the standard protocols of the manufacturer.

Animals and mouse models
------------------------

All mice, including C57BL/6 and BALB/c mice, were purchased from Guangdong Medical Laboratory Animal Center (Foshan, China). The animals were maintained in standard conditions, and experiments were conducted following the protocol approved by the Laboratory Animal Ethics Committee of Shenzhen University. Female mice (at 6 to 8 weeks) were used for toxicity assays and to establish the subcutaneous tumor model. A human HCC mouse model and a human lung cancer mouse model were established in this study. To establish the HCC model, SMMC-7721 cells were prepared in phosphate-buffered saline; 2 × 10^6^ cells were subcutaneously injected in the right flank on the back; and for lung cancer models, 4 × 10^6^ A549 cells were injected. When the tumors grew to 100 to 200 mm^3^, the mice were subjected to tumor-targeting efficiency assessments or PTT.

In vivo toxicity assays
-----------------------

Female C57BL/6 mice (at 6 weeks) were intravenously injected with TeSe nanomaterials in the tail at a dosage of 5.0 mg/kg. There were five mice for each group. At 1, 7, and 21 days after injection, blood was collected in anticoagulation tubes or procoagulation tubes to monitor the blood cells and plasma chemical parameters, respectively. The samples were processed using an automatic hematology analyzer for detection.

Tumor-targeting efficiency assays
---------------------------------

Before injection, the dye cy7 was conjugated to the PVP-coated TeSe nanomaterials by costirring, and the conjugated nanomaterials were purified by differential centrifugations and dialysis. Thereafter, the cy7-loaded TeSe nanomaterials were dispersed in a 0.9 weight % NaCl solution, at a concentration of 1000 ppm. In addition, dye cy7 was dissolved in saline, resulting in a cy7 solution. The cy7 concentration in the nanomaterial dispersion and the saline solution are equal. To investigate the tumoral targeting efficiency, 50 μl of the cy7 solution or the cy7-loaded TeSe nanomaterial dispersions were injected intravenously into the tail. The intensity of fluorescence at the tumor sites was monitored as a function of time using an animal living image system (PerkinElmer). To determine the relative accumulation efficiency in major organs and the tumor, at 24 hours after injection, after the living imaging of the fluorescence intensity, the mice were sacrificed, and the tumors and major organs were isolated and subjected to fluorescence intensity measurements using the same system. Three mice were used for each experimental setting, with image capturing and data processing conducted using the Living Image software.

In vivo PTT
-----------

HCC and lung cancer model mice were randomly divided into different groups (five mice for each group). Thereafter, the mice were intravenously injected with TeSe nanomaterials at a dosage of 2.0 mg/kg. At 4 hours after injection, the mice were subjected to PTT using a laser beam. The power density was set to 1.0 W/cm^2^, with irradiation lasting 10 min on the tumor sites locally. The temperature changes during the irradiation were recorded using an infrared detector. During the entire treatment period, the tumor dimensions and body weight were recorded as a function of time. Tumor volume was calculated using the following equation: *V* = *L* × *W*^2^/2 (*V*, volume; *L*, length; *W*, width of the tumor). At the end of the treatment (day 17 for HCC models), the mice were euthanized, and the tumors were isolated and weighed for comparison.

TME analysis
------------

To investigate the mechanisms by which the tumors regress after PTT, the lung cancer model mice were treated in the same manner as above, except that the TeSe(1:1) group was excluded. At 3 days after irradiation, the mice were euthanized and the tumors were isolated. The tumors were then subjected to immunohistofluorescence assays, similar to a previous report ([@R40]), except with different primary and secondary antibody matches.

Statistical analyses
--------------------

All data were processed using the GraphPad Prism software and presented as means ± SD. Student's *t* tests were used to measure the statistical differences. The statistical values of *P* \< 0.05, *P* \< 0.01, and *P* \< 0.001 were considered statistically significant.
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